A nonlinear model for holographic recording materials is used to evaluate the signal-to-noise ratio in diffuse-object holograms. A comparison of this model with the linear model proposed by Upatnieks and Leonard [J. Opt. Soc. Am. 60, 297 (1970)] shows that our model justifies the experimental results obtained for dieletric holograms at high density before bleaching.
Introduction
Intermodulation noise has been considered the most important source of noise when the signal of diffuse objects is stored holographically. In 1970, Upatnieks and Leonard proposed a linear model in which they predicted the signal noise for dielectric diffuseobject holograms.' A recent study on the sources of noise in interconnection holographic systems, in which the interference of multiple beams on a reference beam was analyzed, also accepted the hypothesis that the behavior of the recording material was linear and found that there was no agreement between the models of multiple and reference beams for diffuse objects in which intermodulation noise was found. 2 In this paper we use a Upatnieks and Leonard modified model to analyze the signal noise of diffuse objects when the behavior of the index variation of the recording material is not linear in relation to exposure.
Previous studies have shown that the behavior of the signal-to-noise ratio (SNR) in diffuse-object holograms is different from the behavior proposed in the literature when bleached emulsions are used. In this case, high values of SNR are achieved at high exposures, and it is specifically in the nonlinear zone of the developer that the highest values are achieved and maximum diffraction efficiency is reached. 3 The authors are with the Universidad de Alicante, Apartado 99, 
Theory
If we assume that the variation in density is reached during developing, 4 we can see that the variation in the index of refraction for bleached holograms is given by
in which Ano is the maximum modulation index that is reached and P is a parameter specific to the process itself that depends on the sensitivity of the developer. 
In Eq. (2), p = 2 ¶rd/(X cos 0), where d is the thickness of the holographic recording material, X is the reconstruction wavelength, 0 is the Bragg angle, X is the exposure time, and or 2 = ao 2 /2K, where K represents the ratio of the object to the reference beam intensities and ao is the amplitude of the reference wave that is incident upon the recording material. and m = Ano. As can be seen, this f clearly different from the one proposed by and Leonard. Moreover, we can see that dence of the SNR function can be exr parameters that depend on the characteriE recording medium (m) and on the proce submitted to (). Figure 1 shows the si function for different values of parameter
We can see that parameter m is relat minimal value of SNR, while parameter sl behavior at high exposures. In order to compare the linear and nonlinear models, we recorded diffuse-object holograms in Agfa-Gevaert (3) 8E75 HD emulsion, varying the beam relation and the exposure time. The signal of a 2 cm x 2 cm :e the first diffuse object with a central opaque zone measuring 1 2). In this cm x 1 cm was stored so that the SNR could be I)-n The measured as the ratio of light intensity in the dark = (1 + K) zone to that in the illuminated zone when the real function is image was reconstructed. The reference beam was Upatnieks collimated and formed a 40° angle to the normal to the depenthe surface of the photographic emulsion. A He-Ne )ressed by laser ( = 633 nm) was used for both the storage and by oth the reconstruction of the diffuse-object holograms. ,ssing it is
The processing used is shown in Table 1 . The ignal noise developer employed was D-8, a developer with a D-log rm and E curve that shows clearly nonlinear behavior. ted to the Figure 2 shows (as a function of exposure) the density tows us its before bleaching for different K values. Table 2 presents the values of m and that we used. For each set of plates we adjusted parameters m and e so as to have the best agreement between the theoretical curve and the experimental data on An, taking into account that K is different for each set of plates. The values of m and obtained are compatible with the different values of A, K, and A obtained from the experimental data. Figure 3 shows the behavior of the nonlinear model for the different values of K used in our experiments. As can be seen, when the exposure time increases, so does the SNR. The SNR value also increases as K increases. In Fig. 4 we show the results we obtained from the measurement of diffraction efficiency, [ Fig. 4(a) Step Procedurea Time . This is because when K increases, the process becomes more linear even though the model proposed in this paper clearly describes the SNR function more accurately, especially in the nonlinear zones of the D-log E curve at high exposures.
We should mention here that this study considers only intermodulation noise that is stored as a variation in the refraction index; we do not consider other noise sources such as scattering or noise gratings or the influence of the effects of volume that were pointed out earlier. 5 Furthermore, intermodulation noise can be stored as thickness variation, and this storage method results in higher levels of noise in the linear zone. In order to isolate the intermodulation noise due to storage of the index variation, we sealed the photographic plates in such a way as to eliminate thickness variations. Figure 6 shows the results of the measurements of the SNR when the plates are sealed, as compared with when they are not sealed, obtained by our nonlinear model. As we can see, in this case the model predicts the experimental results obtained more accurately because in this case we analyzed only noise due to index variation. Experimental results at high exposures correspond better to those obtained in the nonlinear model.
As we have shown, by considering the nonlinear behavior of the recording material in the case of diffuse-object holograms, we achieved a better agree- Table 2 
Conclusions
The SNR's of volume diffuse-object holograms recorded in bleached emulsions have been studied. A nonlinear theoretical model has been developed to explain the nonlinearities in these holograms, and a good agreement between this theory and the experimental results has been found. A discrepancy in the SNR's of the holograms has been attributed to the intermodulation noise (Fig. 6 ). Finally, we should point out once more that other noise sources have not been considered in this model and that we have included only the influence of intermodulation noise stored as refraction-index variation. These results are important given that they are related to cross talk in holographic interconnection systems used in optical computing, in which the models proposed up to now are linear. 6 Part of this work was supported by the Direcci6 General d'Ensenyaments Universitaris i Investigaci6 de la Generalitat Valenciana, Spain (project GV-1165/93). 
